1.. Introduction {#s1}
================

Crocodiles (*Crocodylus* spp.) hybridize readily in captivity \[[@RSOS150409C1]--[@RSOS150409C5]\], and hybridization is known or suspected to occur among wild populations of several sympatric species \[[@RSOS150409C6]--[@RSOS150409C12]\]. Despite hybridization being considered a potential threat to some populations of endangered crocodilians \[[@RSOS150409C3],[@RSOS150409C4],[@RSOS150409C9],[@RSOS150409C10],[@RSOS150409C12]--[@RSOS150409C14]\], the frequency, geographical extent and drivers of hybridization among wild crocodilians remain poorly understood \[[@RSOS150409C11],[@RSOS150409C15]\].

Hybridization between the American (*Crocodylus acutus*) and Morelet's (*Crocodylus moreletii*) crocodiles was long postulated based on observations of crocodiles with phenotypic characteristics of both species \[[@RSOS150409C16]--[@RSOS150409C24]\]. More recently, molecular tools have provided genetic evidence for hybridization between these species in northern Belize \[[@RSOS150409C8]\] and the Yucatán Peninsula of Mexico \[[@RSOS150409C10],[@RSOS150409C11]\]. In Mexico, hybridization appears to occur primarily in coastal regions of sympatry \[[@RSOS150409C10],[@RSOS150409C11]\], while in Belize hybrids were found at inland sites outside the distribution of *C. acutus* \[[@RSOS150409C8]\]. Hybridization between *C. acutus* and the endangered Cuban crocodile (*Crocodylus rhombifer*) has been determined to be much more extensive than previously assumed based on phenotypic data \[[@RSOS150409C12]\].

Integrating molecular, phenotypic and environmental data to elucidate patterns of crocodile hybridization in Belize is important as the International Union for Conservation of Nature (IUCN) \[[@RSOS150409C25],[@RSOS150409C26]\] currently classifies *C. acutus* as vulnerable (globally) and *C. moreletii* as conservation dependent. In this study, we use mitochondrial sequence and nuclear microsatellite data to assess the correspondence between phenotypic characteristics of nests, eggs and crocodiles with genetically based species assignment for populations of *C. acutus* and *C. moreletii* in coastal regions of Belize. We also examine ecological features associated with the presence of hybrid crocodiles and potential implications for conservation of these species.

2.. Material and methods {#s2}
========================

2.1. Study area {#s2a}
---------------

Our study was conducted in the Caribbean coastal zone of southern Belize ([figure 1](#RSOS150409F1){ref-type="fig"}) \[[@RSOS150409C28],[@RSOS150409C29]\]. The mainland of southern Belize (south of Belize City) is characterized by extensive mangrove swamps and a number of short, swift-flowing rivers (Monkey--Bladen--Swasey River system, and Deep, Moho, Sittee, Temash and Sarstoon rivers) draining the Maya Mountains \[[@RSOS150409C29],[@RSOS150409C30]\]. The Belize barrier reef extends 220 km along the coast, separated from the mainland by the Inner Channel, which contains approximately 450 low elevation islands, or Cays, including three from this study (Turneffe and Lighthouse Atolls, and Glovers Reef). The coastal zone of Belize is described in greater detail elsewhere \[[@RSOS150409C28],[@RSOS150409C31],[@RSOS150409C32]\]. Figure 1.Sampling localities for American (*C. acutus*) and Morelet's (*C. moreletii*) crocodiles in Belize. Numbers correspond to localities listed in [table 1](#RSOS150409TB1){ref-type="table"}. Adapted from \[[@RSOS150409C27]\].

2.2. Sampling {#s2b}
-------------

Crocodiles of both species (*C. acutus* and *C. moreletii*) were captured as part of a countrywide population survey in the coastal zone from June 1996 through to October 1997 ([table 1](#RSOS150409TB1){ref-type="table"}) \[[@RSOS150409C33],[@RSOS150409C34]\]. Crocodiles were captured at night with the aid of a spotlight; smaller crocodiles (total length \[*TL*\]≤100 cm) were taken by hand or dip-net, and a noose-pole was used to capture larger individuals (*TL*\>100 cm). Table 1.Summary of localities for American crocodile (*C. acutus*) and Morelet's crocodile (*C. moreletii*) samples collected in coastal mainland habitats of Belize (1996--1997) (adapted from \[[@RSOS150409C27]\]). (Numbers correspond to map in [figure 1](#RSOS150409F1){ref-type="fig"}.)locality*C. acutusC. moreletii*(1) Belize River01(2) Burdon Canal---FabersLagoon02(3) Coastline (Ladyville)01(4) Four-mile Lagoon01(5) Haulover Creek01(6) New River015(7) Northern Lagoon11(8) Northern River Lagoon30(9) SibunRiver/BurdonCanal03(10) Deep River10(11) Monkey River07(12) Bladen River07(13) Placencia Lagoon01(14) Sittee River04(15) Ambergris Cay70(16) Cay Caulker40(17) Hicks Cay10(18) Maps Cay10(19) Turneffe Atoll220(20) Calabash Cay20(21) Cox Lagoon01(22) Gales Point30(23) Gallon Jug03(24) Gold Button Lagoon03(25) Long Cay20(26) Payne's Creek03(27) San Pedro Lagoon10(28) Sapote Lagoon04(29) Western Lagoon30total *n*=5456

We recorded standard morphometric measurements from each crocodile, counted the number of dorsal precaudal scale rows and the scales in each row as in Platt *et al*. \[[@RSOS150409C35]\] and noted the presence or absence of irregular subcaudal scale groups \[[@RSOS150409C18],[@RSOS150409C36]\]. Based on published keys, crocodiles exhibiting groups of irregular subcaudal scales and more than four scales in any transverse dorsal precaudal scale row were classified as *C. moreletii*, while those lacking groups of irregular subcaudal scales and having no more than four scales in any dorsal precaudal scale row were classified as *C. acutus* \[[@RSOS150409C36]\]. Crocodiles with atypical characters were classified as possible hybrids.

Approximately 1 ml of blood was drawn from the nuchal sinus of each crocodile \[[@RSOS150409C37]\] and immediately decanted into an equal amount of buffer (10 mM Tris, pH 7.6). Samples were initially stored at room temperature and later at −20°C for long-term storage. All individuals were permanently marked for future identification by notching the dorsal edge of a unique series of caudal scutes \[[@RSOS150409C38]\], and then released at the site of capture within 24 h.

In response to local reports of atypical crocodile nest mounds (described as having mixed features of both *C. acutus* and *C. moreletii*) along rivers in southern Belize \[[@RSOS150409C27]\], we searched this region from March to May during 1997 and 1998. We measured the dimensions of each nest mound and distance to the water (measured from the centre of the mound). We then carefully opened the nest, determined the clutch size and measured (length and width to nearest 0.1 mm) and weighed (±1.0 g) each egg. Egg viability was determined by the presence of opaque bands, and the date of oviposition was estimated by the extent of banding \[[@RSOS150409C39]\]. A single egg was sacrificed from each nest and the embryo preserved in 75% ethanol for later genetic analysis.

2.3. Laboratory procedures {#s2c}
--------------------------

Total genomic DNA was extracted from 56 *C. moreletii* and 54 *C. acutus* samples collected from throughout the coastal zone of Belize. Additionally, total genomic DNA was extracted from seven embryos collected at atypical nests found along the Bladen, Swasey and Monkey rivers, and Paynes Creek in southern Belize. For extractions, we used 2 μl of whole blood from adults and a small piece of heart muscle dissected from embryos and isolated DNA using the Qiagen DNeasy Blood and Tissue Kit. Resulting DNA was quantified via gel electrophoresis on a 1% agarose gel and subsequently diluted as necessary to ensure amplification.

We sequenced mtDNA gene regions including 12 s rRNA, 16 s and control region (Dloop) using primers described in Hekkala *et al.* \[[@RSOS150409C40]\]. PCR amplifications were carried out in 25 μl reaction volume containing 1 μl each 10 mM primer and 2 μl template with GE PCR-ready-to-go beads pre-loaded in a 0.2 μl tube to which 21 μl ddH~2~0 was added. Thermocycler parameters for all gene regions consisted of a 5 min denaturation at 94°C for 30 s, 49°C for 30 s and 72°C for 45 s, followed by an extension period of 5 min at 72°C. Bands were visualized on a 1% agarose gel and PCR products were cleaned according to the manufacturer's instructions using Qiagen PCR cleanup kit. Double-stranded PCR products were sequenced on an ABI 3730XL automated DNA sequencer, and edited and aligned in S[equencher]{.smallcaps} v. 4.5 (Gene Codes, Ann Arbor, MI, USA).

We screened 18 *Crocodylus*-derived dinucleotide microsatellites \[[@RSOS150409C14]\] ([table 2](#RSOS150409TB2){ref-type="table"}) in an 8 μl reaction volume consisting of 1 μl *Taq* polymerase (Perkins Elmer), 0.3 μl of each primer (10 mM), 2.5 μl *Taq* buffer containing 15 μM MgCl~2~, 2.5 μl dNTPs and 0.5 μl of diluted (1:10) template DNA. Amplicons were visualized by electrophoresis in 1.5% agarose and diluted 1:2 with distilled water. A 2 μl aliquot of dilute (1:3) sample was added to a total volume of 8 μl formanide and ROX size standard and run on Applied Biosystems 3100 or 3730 DNA Analyzer. Fragments were analysed using G[enemapper]{.smallcaps}^®^ 4.0 (Applied Biosystems). Table 2.Mitochondrial primers \[[@RSOS150409C40]\] and microsatellite primers characterized by Fitzsimmons *et al*. \[[@RSOS150409C14]\] tested for use in identifying hybrids between *C. acutus* and *C. moreletii*. (Fixed marker indicates alleles unique to parental species. Variable marker indicates frequency variation in alleles between parental species.)primer nameprimer sequence (5′--3′)speciesrepeat motifamplificationfixedvariablemtDNA12sF: CCGTCTTTGACAGTCR: ATGTTCCAAGCACACCTTCC16sF: AAGGTAGCGTAATCATTTGR: GGGGATTGCGCTGTTATCCCTGDloopF: GCCGACATTCTTATTAAACTACR: GCAGATAAATGAATGCCTTATmicrosatelliteCj119F: GTTTGCTGTGGAATGTTTCTAC*C. johnsoni*(CA)14yesyesyesR: CGCTATATGAAACGGTGGCTGC391F: ATGAGTCAGGTGGCAGGTTC*C. acutus*(CA)22yesnoyesR: CATAAATACACTTTTGAGCAGCAGCj104F: TCCTTCCATGCATGCACGTGTG*C. johnsoni*(CA)12yesyesyesR: GTTTCAGTGTCTGGTATTGGAGAAGGCj105F: CAACAGAAAGTGCCACCTCAAG*C. johnsoni*(CA)14multiple bandsnonoR: GTTTGATTATGAGACACCGCCACCCj107F: ACCCCGCATTCTGCCAAGGTG*C. johnsoni*(CA)16multiple bandsnonoR: GTTTATTGCCATCCCCACTGTGTCCj122F: GTTTCATGCTGACTGTTTCTAATCACC*C. johnsoni*(CA)lsyesmonomonoR: GGAACTACAATTGGTCAACCTCACCj127F: CCCATAGTTTCCTGTTACCTG*C. johnsoni*(CT)7TT(CT)12 (CA)16yesnoyesR: GTTTCCCTCTCTGACTTCAGTGTTGCj128F: ATTGGGGCAGATAAGTGGACTC*C. johnsoni*(CA)22nononoR: GTTTCTGCTTCTCTTCCCTACCTGGCj35F: GTTTAGAAGTCTCCAAGCCTCTCAG*C. johnsoni*(CT)7TA(CA)17(CT)12yesyesyesR: CTGGGGCAAGGATTTAACTCTCCj101F: ACAGGAGGAATGTCGCATAATTG*C. johnsoni*(CA)12yesnoyesR: GTTTATACCGTGCCATCCAAGTTAGCj131F: GTTTGTCTTCTTCCTCCTGTCCCTC*C. johnsoni*(CA)14yesyesyesR: AAATGCTGACTCCTACGGATGGCjl6F: CATGCAGATTGTTATTCCTGATG*C. johnsoni*(CA)20yesunknownunknownR: TGTCATGGTGTCAATTAAACTCCjl8F: ATCCAAATCCCATGAACCTGAGAG*C. johnsoni*unpublishedyesyesyesR: CCGAGTGCTTACAAGAGGCTGGCp10F: GATTAGTTTTACGTGACATGCA*C. porosus*(CA)lsyesmonomonoR: ACATCAAGTCATGGCAGGTGAGCUD68F: GCTTCAGCAGGGGCTACC*C. acutus*(CA)13only *C. acutus*plus/minusnoR: TGGGGAAACTGCACTTTAGGCUC20F: GATCTGCAGTGCAAGAAAG*C. acutus*unpublishedyesyesyesR: GGTTTAGCGGTCACAGTAACCUD78F GAAGTGAATGCCATCTATCA*C. acutus*(CA)15yesmonomonoR AATTGCATCCCCTTTTGCUI 108F: ACTGGCCACAGCTGGGGTA*C. acutus*(CA)20multiple bandsnonoR: CCAGCAGCGTGGAGAGCTG

2.4. Molecular analytical approaches {#s2d}
------------------------------------

We initially identified diagnostic markers (fixed mtDNA haplotypes and private microsatellite alleles) for parental species using samples from populations of each species from outside of the purported hybrid zone. Subsequently, individuals from the purported hybrid zone were examined for specific patterns of admixture in the distribution of haplotypes, private alleles and phenotype. We used Bayesian assignment methods including N[ewhybrids]{.smallcaps} v. 1.1 \[[@RSOS150409C41]\] and S[tructure]{.smallcaps} v. 2.3.4 \[[@RSOS150409C42]\] to infer ancestry and to identify putative hybrids. The S[tructure]{.smallcaps} analysis was implemented with an admixture model with uncorrelated allele frequencies and without including sample location as a prior. We used 20 replicates for each value of *K* (genetic cluster) ranging from *K*=1−7, with 10 000 000 Markov chain Monte Carlo replicates following an initial burn-in of 1 000 000. We chose a threshold for parental species membership in a cluster at 0.0--0.05 or more than 0.95--1.0 and for hybrids between these boundaries.

We used Anderson & Thompson's \[[@RSOS150409C41]\] Bayesian method of detecting hybrids that more directly attempts to detect hybrid individuals between two parent species as implemented in N[ewhybrids]{.smallcaps} v. 1.1. This model infers each individual's genotype frequency class, or hybrid category, thus providing posterior probabilities that reflect the level of certainty that an individual belongs to a given hybrid class (e.g. F~1~, backcross, purebred). Unlike in S[tructure]{.smallcaps}, here the parameter of interest (*q*) is a discrete variable with up to six genotype frequency classes (i.e. purebred, F~1~, F~2~, backcross). Individuals were assigned to pure *C. acutus*, pure *C. moreletii* and hybrids (F~1~, F~2~ and both F~1~ backcrosses). Results were based on the average of 10 independent runs each with 1 000 000 iterations following a 100 000 step burn-in using Jeffrey's priors (following preliminary runs indicating similar results with uniform priors). As in S[tructure]{.smallcaps}, individuals were identified as purebred based on a *q*~*i*~\>0.95. To determine the ability of N[ewhybrids]{.smallcaps} to identify purebred and hybrid individuals, simulated genotypes were created using H[ybridlab]{.smallcaps} \[[@RSOS150409C43]\].

Genotypes were selected from pure *C. moreletii* and *C. acutus* individuals identified in the initial N[ewhybrids]{.smallcaps} analysis (*q*~*i*~\>0.95). Alleles were randomly drawn from the pool of parental genotypes to create 100 simulated purebred *C. moreletii* and *C. acutus* individuals. These new parental genotypes were then used to simulate F~1~, F~2~ and backcrossed populations (100 of each hybrid class). These 600 simulated genotypes were then analysed in N[ewhybrids]{.smallcaps} under the same protocols described above. Power (number of correctly identified individuals for a category over the actual number of individuals of that category) and accuracy (number of correctly identified individuals for a category over the total number of individuals assigned to that category) were calculated for six *T*~*q*~ values (0.95, 0.9, 0.8, 0.7, 0.6, 0.5).

For all downstream environmental and phenotypic analyses reliant upon hybrid identification *a priori*, we used the more conservative estimate of species identification (ID) from S[tructure]{.smallcaps} results.

2.5. Environmental analyses {#s2e}
---------------------------

Once individuals were identified using molecular data and mapped using GPS coordinates, environmental characters associated with parental species and hybrids in Belize were evaluated using distributional modelling (MAXENT). We compared niche models developed for each parental species against models developed for hybrids and evaluated highest ranking environmental variables for each species' model for statistical differences \[[@RSOS150409C44]\].

The variables used for niche modelling were then used to test whether or not the habitats of parental crocodile species and hybrids differed in their bioclimatic envelopes, as well as the salinity of their habitats. A site's environmental variables were assigned to only one individual per crocodile species or hybrid per site. The BIOCLIM data \[[@RSOS150409C45]\] used were acquired from the WorldClim database \[[@RSOS150409C45]\] and were formatted for use in R with the raster package using the *raster* and *extract* functions \[[@RSOS150409C46],[@RSOS150409C47]\]. All tests were conducted using R \[[@RSOS150409C47]\], with multivariate statistics relying on the vegan package \[[@RSOS150409C48]\]. The majority of environmental variables were not normally distributed; accordingly, non-parametric tests were used. Differences between the habitats of the species and hybrid categories of crocodile were tested using PERMANOVA with the function *adonis* \[[@RSOS150409C48],[@RSOS150409C49]\]. Individual environmental variables were then compared between crocodile groups with Kruskal--Wallis (KW) tests (function *kruskal.test*), followed by pairwise comparisons (function *pairwise.wilcox.test*). All KW and pairwise comparison *p*-values were adjusted for multiple testing with the false discovery rate (FDR) correction \[[@RSOS150409C50]\].

2.6. Phenotypic data {#s2f}
--------------------

We examined field collected morphological data on head shape and scalation patterns for differences between genetically determined parent species and hybrids. Specifically, we tested the following variables: the head width to length ratio; the snout width at the fifth maxilla to the snout width at the anterior orbit ratio; the presence, reduction or absence of irregular subcaudal scales; and the mean number of scales in the transverse scale rows. As data were largely non-parametric, FDR corrected Kruskal--Wallis and follow up pairwise comparisons were conducted following procedures for environmental analyses. We also compared egg mass from nests containing genetically identified hybrids to parental species egg mass using an ANOVA. Data were tested for violations of normality and homogeneity of variances \[[@RSOS150409C51]\]. Mean values are presented as ±1 s.d. and results were considered significant at *p*≤0.05.

3.. Results {#s3}
===========

3.1. Genetic characterization of phenotypically identified hybrid crocodiles {#s3a}
----------------------------------------------------------------------------

Samples from 110 crocodiles were sequenced for three mtDNA gene regions totalling 1374 nucleotides (12 s=365 bp, 16 s=319 bp, control region=690 bp). For analyses of nuclear markers, we were unable to consistently amplify all six loci in 34 individuals resulting in a reduced sample size for nuclear analyses (*n*=76).

As in prior phylogenetic analyses \[[@RSOS150409C52]\], sequences from pure *C. acutus* and *C. moreletii* samples exhibited fixed differences between parental species at multiple sites (12 s=7 bp, 16 s=4 bp, control region=21 bp), which were subsequently considered to be diagnostic characters. Sequenced mtDNA haplotypes revealed 24 individuals field identified as *C. moreletii* or possible hybrids that exhibited *C. acutus* fixed mtDNA markers. The majority of these crocodiles (80%) had been characterized as putative hybrids in the field on the basis of nest type or scale counts.

Of the 18 microsatellite loci tested, 13 produced reliable amplification products in both species and one (Cu68) amplified only in *C. acutus* ([table 2](#RSOS150409TB2){ref-type="table"}). After an initial examination of allelic distribution between *C. moreletii* and *C. acutus*, seven loci (Cj18, Cj131, Cj119, Cj127, Cj35, Cj101 and Cj104) exhibited fixed markers for each parental species and thereafter were characterized for the remainder of the samples.

The Bayesian clustering analyses performed on simulated genotypes in N[ewhybrids]{.smallcaps} resulted in clearly identifiable partitions among parental species and hybrids ([table 3](#RSOS150409TB3){ref-type="table"} and [figure 2](#RSOS150409F2){ref-type="fig"}, upper panel). Power and accuracy were consistently high for both purebred categories across all *T*~*q*~ values, meaning nearly all assigned genotypes were correctly assigned to each parental species ([table 4](#RSOS150409TB4){ref-type="table"}). Accuracy remained near 0.9 across all classes examined for more conservative *T*~*q*~ values (i.e. greater than or equal to 0.8), though power tended to be low for F~2~ and backcrosses. When all hybrid classes were considered together ('hybrid'), simulations exhibited high levels of power and accuracy in identifying hybrid individuals. Given the number of loci used, our limited ability to correctly assign individuals to F~2~ and backcross populations is expected. Accordingly, we combined posterior probabilities of all hybrid classes as an estimate for the detection of hybrids. We used a conservative threshold of 0.95 to assign individuals as pure or hybrid. At this threshold, our analyses identified 27 hybrids (approx. 35%). These results were similar to those of our S[tructure]{.smallcaps} analyses ([table 3](#RSOS150409TB3){ref-type="table"} and [figure 2](#RSOS150409F2){ref-type="fig"}, lower panel). Both Bayesian clustering approaches assigned the majority of parental individuals (97%) to their own species with 99--100% certainty ([table 4](#RSOS150409TB4){ref-type="table"}). Individuals of each parental species were never identified as the other parental species. Only *C. moreletii* (11%) and hybrids (9%) were mis-assigned and then only infrequently (6%). Accuracy of Field ID relative to genetic assignment was highest for *C. acutus* and lower for both *C. moreletii* (82%) and hybrids (92%) ([table 5](#RSOS150409TB5){ref-type="table"}). The accuracy of field ID'd hybrids is probably owing to targeted sampling for those individuals and may not reflect ease of identification in regular surveys. Figure 2.Bayesian assignments of 76 *C. acutus*, *C. moreletii* and hybrid individuals computed by N[ewhybrids]{.smallcaps} ((*a*) *K*=6, number of genotype frequency classes) and S[tructure]{.smallcaps} ((*b*) *K*=2, number of species). Each individual is represented by a single vertical line broken into segments whose length is proportional to the estimated membership (probability *q*~*i*~) in the clusters. The 'hybrid' identification includes individuals that fall in the 0.05\<*q*~*i*~\<0.95 range. Table 3.Proportions and frequencies of pure and admixed *C. acutus* and *C. moreletii* individuals inferred using Bayesian clustering (S[tructure]{.smallcaps}) and assignment (N[ewhybrids]{.smallcaps}) methods. (Only strict assignment (*T*~*q*~=0.95) to parental and admixed classes included.)*C. acutus*admixed*C. moreletii*N[ewhybrids]{.smallcaps}29 (38.2%)27 (35.5%)20 (26.3%)S[tructure]{.smallcaps}29 (38.2%)23 (30.3%)24 (31.6%) Table 4.Power and accuracy of N[ewhybrids]{.smallcaps} to detect pure and hybrid individuals across six *T*~*q*~ values. (All six pure and hybrid classes (excluding 'hybrid') consisted of 100 simulated genotypes. The 'hybrid' class was created by summing the assignment probabilities of the four hybrid categories and was used to assess the ability of N[ewhybrids]{.smallcaps} to identify generic 'hybrid' individuals. Power is defined as the number of correctly identified individuals for a category over the actual number of individuals of that category and accuracy as the number of correctly identified individuals for a category over the total number of individuals assigned to that category.)*T*~*q*~=0.95*T*~*q*~=0.9*T*~*q*~=0.8*T*~*q*~=0.7*T*~*q*~=0.6*T*~*q*~=0.5classpoweraccuracypoweraccuracypoweraccuracypoweraccuracypoweraccuracypoweraccuracy*C. acutus*0.960.960.960.960.960.960.970.940.970.940.990.93*C. moreletii*0.930.980.940.980.980.971.000.971.000.971.000.96F~1~0.510.980.840.970.960.960.970.940.970.940.980.94F~2~0.511.000.551.000.621.000.630.980.650.980.650.98F~1~×*C. acutus*0.00---0.100.910.500.890.700.880.790.890.870.90F~1~×*C. moreletii*0.00---0.211.000.610.840.750.810.870.820.910.81hybrid0.921.000.931.000.941.000.961.000.971.000.971.00 Table 5.Accuracy of field ID relative to genetic assignment for each category of species ID for pure and admixed *C. acutus* and *C. moreletii* individuals.field IDgene ID% accuracy*C. acutusC. acutus*100*C. moreletiiC. moreletii*82hybridhybrid92*C. acutus*hybridn.a.*C. moreletii*hybrid17hybrid*C. acutus*n.a.hybrid*C. moreletii*8

Overall, the results of the N[ewhybrids]{.smallcaps} assignment and the comparison of diagnostic nuclear alleles with mtDNA haplotypes revealed a consistent pattern of hybridization between female *C. acutus* and male *C. moreletii* indicting unidirectional outcrossing. Five of six embryos from atypical nests and several hybrid adults exhibited combined mtDNA haplotypes and multilocus genotypes consistent with F~2~ backcrossing, and thus hybrid viability.

3.2. Phenotypic and reproductive attributes of hybrids {#s3b}
------------------------------------------------------

Genetic probability of assignment to parental species versus hybrid was strongly associated with morphological characters relating to head shape and scalation pattern were significant ([figure 4](#RSOS150409F4){ref-type="fig"}): the head width to length ratio (KW *χ*^2^=20.7; FDR corrected, *p*\<0.001); the snout width at the fifth maxilla to the snout width at the anterior orbit ratio (KW *χ*^2^=23.1; FDR corrected, *p*\<0.001); the presence, reduction or absence of subcaudals (KW *χ*^2^=48.2; FDR corrected, *p*\<0.001); and the mean number of scales in the transverse scale rows (KW *χ*^2^=23.8; FDR corrected, *p*\<0.001; [figure 4](#RSOS150409F4){ref-type="fig"}). Most significant was the presence, reduction or absence of subcaudal scale rows; presence was fixed for *C. moreletii*and absence was fixed for *C. acutus*, while hybrids tended to be present or reduced (rarely absent). In addition, the mean number of scales in transverse scale rows was the most significant continuous variable. Pairwise comparisons found *C. moreletii*and the hybrids to significantly differ from *C. acutus* for all variables, while hybrids were significantly different for the presence, reduction or absence of the subcaudal scales (*p*=0.005)

Nesting occurred during the dry season and the mean estimated laying date was 22 April ± 8 days (range=10--30 April). During nesting season, 11 atypical crocodile nests were observed along Payne's Creek (*n*=3), and Monkey (*n*=2), Bladen (*n*=3), Swasey (*n*=2), Sennis (*n*=1) rivers in southern Belize during field surveys in 1997 and 1998. Nests along Monkey and Bladen River were found beside oxbow lakes adjacent to the river, while the remaining nests were constructed on sandbars along the main river channel. All of the nests we examined were mound-type nests, although nest material varied depending on microhabitat. Nests at oxbow lakes were constructed of soil, leaf litter and woody debris, while those along main river channels were composed almost wholly of sand. Mounds (*n*=11) averaged 158±60 cm wide (range=95--300 cm) and 61±24 cm high (range=30--100 cm), and the distance to water ranged from 110 to 1260 cm.

Ten of the 11 nests we examined contained eggs, while one nest had been depredated prior to our arrival. Mean clutch size was 31.3±11.7 eggs (range=15--48 eggs). We measured the linear dimensions of 311 eggs (including three eggs from which the contents had leaked); mean length and width were 77.8±6.5 mm (range=61.3--95.0 mm) and 45.9±3.7 mm (range=36.9--51.1 mm), respectively. Three hundred and eight intact eggs were weighed; mean egg mass was 105.1±20.9 g (*n*=308; range=59--142 g) and 17 (5.5%) were non-viable. Mean clutch size of hybrid containing nests in southern Belize was significantly greater than values reported for either *C. moreletii* or *C. acutus* ([table 6](#RSOS150409TB6){ref-type="table"}; *F*~2,96~=3.97; Tukey--Kramer minimum significant difference; *p*\<0.05). Likewise, mean egg mass of hybrid containing nests was significantly greater than reported for either *C. moreletii* or *C. acutus* \[[@RSOS150409C53],[@RSOS150409C54]\] ([table 5](#RSOS150409TB5){ref-type="table"}; paired *t*-test 14.554; *p*\<0.01). Seventeen (5.5%) of 308 intact eggs were non-viable. Table 6.(*a*) Crocodile egg mean weights (g) for eggs from typical (*C. acutus* and *C. moreletii*) and atypical crocodile nests. (*b*) ANOVA for all groups indicating significant differences, paired *t*-tests indicated differences between eggs from either parental species and those found in atypical, purported hybrid nests (*p*\<0.001).(*a*) species*n*s.d.rangemean (g)*C. acutus*\[[@RSOS150409C53]\]2809.761.5--111.085.6*C. moreletii*\[[@RSOS150409C21]\]17029.446.2--91.169.0'hybrid' nests30820.359--142105.1(*b*) source of variationsum of squaresd.f.variance*Fp*between groups369 990.02184 995.01396.0\<0.001within groups303 063.12287132.5total673 053.12289

3.3. Niche conservatism in parental and hybrid crocodiles {#s3c}
---------------------------------------------------------

Although distribution mapping of genetically identified *C. acutus* and *C. moreletii* results in narrow areas of overlap ([figure 3](#RSOS150409F3){ref-type="fig"}), overall, species and hybrids did not differ based on combined habitat environmental features (*r*^2^=0.188; *p*=0.111). None of the BIOCLIM environmental variables were significant after correcting for multiple testing. However, BC6 (minimum temperature of coldest month) and BC7 (temperature annual range) were significant before FDR corrections, while BC2 (mean diurnal range) and BC15 (precipitation seasonality) approached significance before correcting. Salinity was the only environmental variable to remain significant after FDR corrections for multiple testing (KW *χ*^2^=14.7; FDR corrected, *p*=0.012; [figure 4](#RSOS150409F4){ref-type="fig"}). Habitat salinity for *C. acutus*was significantly different from that found for *C. moreletii* (*p*=0.010) and for hybrids (*p*=0.003), while the latter two groups did not differ significantly (*p*=0.222). Figure 3.Maximum entropy (MAXENT) species distribution model (SDM) for genetically identified *C. moreletii* (in green) and *C. acutus* (in red) in Belize. Sampling localities for *C. moreletii* (green dots), *C. acutus* (blue dots), hybrids (red dots) and both hybrids and parental (purple dots). Figure 4.(*a*,*b*) Box-and-whisker plots of the most significant environmental (FDR corrected, *p*=0.012) and continuous morphological variables (FDR corrected, *p*\< 0.001) associated with genetically determined species ID for *C. moreletii* and *C. acutus* in Belize using Kruskal--Wallis tests. The box contains the middle two quartiles (separated by the median), the whiskers are the extreme values up to 1.5 times the interquartile range, and the dots represent outliers.

4.. Discussion {#s4}
==============

Analysis of mtDNA from individuals collected outside of areas of sympatry in Belize, as well as data published elsewhere \[[@RSOS150409C10],[@RSOS150409C11],[@RSOS150409C40],[@RSOS150409C52]\], indicates that there are fixed, diagnostic, haplotypic differences between *C. moreletii* and *C. acutus*, which can be used as DNA barcodes. Additionally, nuclear microsatellite loci exhibit both frequency differences and private alleles useful in differentiating between the two species of *Crocodylus* in Belize. These and published species descriptions based on phenotypic characters clearly support their continued recognition as two species.

Our combined use of mtDNA and nuclear markers indicate that hybridization between *C. moreletii* and *C. acutus* has occurred in two regions of Belize: the lower reaches of New River and Rio Bravo around Chetumal Bay, and several coastal rivers in southern Belize, south of Gales Point ([figure 3](#RSOS150409F3){ref-type="fig"}). Similarly, Ray *et al*. \[[@RSOS150409C8]\] detected *C. acutus* haplotypes among crocodiles that phenotypically resembled *C. moreletii* in the New River and Belize River watersheds in northern Belize and concluded hybridization was also occurring in these regions. The presence of discordant species-specific mtDNA haplotypes, multilocus genotypes and phenotypic characteristics confirms the presence of hybrids in these areas. Unlike other studies that found hybrids were cryptic and not readily distinguished on the basis of morphology \[[@RSOS150409C8]\], we found morphologically intermediate characters and atypical nests as relatively reliable indicators of the presence of hybrid crocodiles ([table 5](#RSOS150409TB5){ref-type="table"} and [figure 4](#RSOS150409F4){ref-type="fig"}); for example, a reduction in subcaudal scales is diagnostic for hybrids when present.

Our use of biparental and maternally inherited markers indicates unidirectional hybridization in southern Belize with male *C. moreletii* crossing with female *C. acutus*. This contrasts with results from Mexico, where Cedeño-Vázquez *et al*. \[[@RSOS150409C10]\] found that hybridization between *C. moreletii* and *C. acutus* is bidirectional, and occurs in about the same proportion in each direction. Asynchrony in courtship and mating in Belize's crocodile populations may contribute to the observed pattern in our data, where breeding in *C. acutus* occurs during February and March \[[@RSOS150409C53]\], while *C. moreletii* breeds in April and May \[[@RSOS150409C54]\]. We speculate that male *C. moreletii* establish territory during the latter part of *C. acutus* breeding season and breed with female *C. acutus* before female *C. moreletii* enter a reproductive state.

Other factors influencing directionality of geneflow may be behavioural. Unidirectional hybridization is frequent \[[@RSOS150409C55]\] when one species is larger than the other, and males of the larger species usually mate with females of the smaller species \[[@RSOS150409C56]\]. Mating between females of the larger species and males of the smaller species generally does not occur because females rarely select smaller males as mates \[[@RSOS150409C56]\]. Crocodilians engage in elaborate courtship and mating rituals that involve female choice based primarily on the size of male suitors \[[@RSOS150409C1]\]. During courtship and mating, larger males typically dominate breeding groups and drive off or even inflict injuries on smaller subdominant males \[[@RSOS150409C1]\]. Although male *C. acutus* are known to reach maximum TLs of 6--7 m \[[@RSOS150409C57]\], in Belize males rarely attain lengths of over 3 m \[[@RSOS150409C33]\]. By contrast, male *C. moreletii* can reach lengths of 3.6--4.0 m \[[@RSOS150409C58],[@RSOS150409C59]\] and possibly larger \[[@RSOS150409C60]\], suggesting that large male *C. moreletii* would probably displace male *C. acutus* during courtship for access to female *C. acutus*.

Our distribution models indicate that distributions of *C. moreletii* and *C. acutus* are largely related to water salinity ([figure 4](#RSOS150409F4){ref-type="fig"}). Published natural history data suggest that high salinities (approx. 36 ppt) restrict *C. moreletii* to freshwater and mainland coastal habitats \[[@RSOS150409C34],[@RSOS150409C61]\], while *C. acutus* occurs in marine habitats, with lower numbers found in mainland coastal habitats \[[@RSOS150409C24],[@RSOS150409C33]\]. In our study area, populations of *C. moreletii* occur in freshwater wetlands, while *C. acutus* is found primarily on offshore islands and atolls. While the two species occasionally co-occur in brackish mangrove swamps of the coastal mainland \[[@RSOS150409C33],[@RSOS150409C34],[@RSOS150409C62]--[@RSOS150409C64]\], our niche models suggest a latitudinal gradient within Belize in niche overlap, with southern populations exhibiting the steepest shift between species ([figure 3](#RSOS150409F3){ref-type="fig"}).

Although our knowledge of the historic distribution remains problematic, a lack of specimen-based records \[[@RSOS150409C63]\] suggest it was absent from this region until recently \[[@RSOS150409C64]\]. An ongoing range expansion by *C. moreletii* into southern Belize may have occurred when populations rebounded rapidly following legal protection in 1981 \[[@RSOS150409C34]\]. Expanding *C. moreletii* populations in Belize are heavily biased in favour of males \[[@RSOS150409C34],[@RSOS150409C59],[@RSOS150409C65]\].

Observed niche conservatism, in combination with known coastal development suggests that hybridization between *C. moreletii* and *C. acutus* in southern Belize may be driven at least partially by recent anthropogenic factors. The ongoing development of coastal and offshore nesting beaches used by *C. acutus* \[[@RSOS150409C33],[@RSOS150409C66]\] might result in the dispersal of female *C. acutus* to less disturbed habitats in southern Belize where contact with male *C. moreletii* would be more likely.

Hybridization in animals is generally regarded as maladaptive because the fitness of hybrid progeny is often reduced \[[@RSOS150409C67]\]. However, in our study, hybrid crocodiles deposited significantly larger clutches than either *C. moreletii* or *C. acutus*, and despite considerable overlap in egg mass, eggs produced by hybrids were significantly larger than eggs of either parental species. Among hybrid *Crocodylus* in captivity, there is no evidence of decreased fitness or dysgenesis; in fact, hybrids produce high-quality skins, grow faster, exhibit enhanced survivorship and produce larger clutches than parental species \[[@RSOS150409C3],[@RSOS150409C10]\]. Because egg size is positively correlated with hatchling size in crocodilians \[[@RSOS150409C68]--[@RSOS150409C70]\] and larger hatchlings exhibit accelerated growth and increased survivorship when compared to smaller hatchlings \[[@RSOS150409C71]\], the large eggs deposited by hybrid crocodiles in southern Belize may produce neonates with greater fitness than either *C. moreletii* or *C. acutus* hatchlings. Larger eggs often also contain more water, an advantage for dry season nesting when dehydration can reduce fitness if it interferes with embryonic development near the end of incubation \[[@RSOS150409C72],[@RSOS150409C73]\]. Furthermore, hybridization of *C. moreletii* and *C. acutus* might impart increased salinity tolerance to the offspring, an obvious advantage for crocodiles living in coastal habitats \[[@RSOS150409C10]\]; however, hybrids found in this study exclusively were found in non-saline environments.

The reproductive consequences of hybridization in crocodilians are poorly understood \[[@RSOS150409C10]\]. While genetic data indicate backcrossing in the wild \[[@RSOS150409C12]\], we are unaware of any published reports describing nesting ecology among known hybrid crocodiles in the wild. We found that nest construction and nesting phenology of hybrid crocodiles in southern Belize had elements in common with both *C. moreletii* (mound) and *C. acutus* (sand), while egg and clutch attributes differed from either parental species. In Belize, *C. acutus* generally deposits clutches in shallow holes excavated in the deep sand, while *C. moreletii* constructs mound nests using adjacent vegetation \[[@RSOS150409C53],[@RSOS150409C66]\]. Mound nesting behaviour has occasionally been noted among Florida populations of *C. acutus* \[[@RSOS150409C74]\] and is thought to be an adaptive response to nesting in areas where the probability of flooding is high \[[@RSOS150409C57]\].

Our genetic data for adults and embryos indicate that hybrid crocodiles in southern Belize are fertile and actively reproducing. Contrary to many hypotheses regarding reduced viability in hybrids, our data indicated that only 5% of eggs in hybrid nests were not viable as compared to a range of 8--10% for pure *C. acutus* \[[@RSOS150409C33]\] and 8% for pure *C. morelleti* \[[@RSOS150409C54]\]. Our data appear congruent with Rodriguez *et al*. \[[@RSOS150409C11]\] who concluded that hybrids were not being selected against.

4.1. Conservation implications {#s4a}
------------------------------

In Belize, populations of *C. acutus* and *C. moreletii* were nearly extirpated owing to over-harvesting by commercial skin hunters \[[@RSOS150409C60],[@RSOS150409C75]\]. Legal protection was afforded to both species in 1981 and *C. moreletii* populations quickly rebounded \[[@RSOS150409C34]\]. However, recovery of *C. acutus* populations has been slow, largely owing to the continuing destruction of critical nesting habitat \[[@RSOS150409C33],[@RSOS150409C66]\] occurring on the Atlantic and Pacific coasts of Mexico, Central America, as well as the Caribbean Islands of Cuba, Jamaica, Hispaniola and the southern tip of Florida, USA \[[@RSOS150409C57]\]. Despite the more restricted distribution of *C. moreletii* in the Atlantic and Caribbean lowlands of Mexico, Guatemala and Belize \[[@RSOS150409C3]\], recovery has been rapid.

In many instances, natural hybridization is part of the evolutionary process \[[@RSOS150409C76]\]. However, introgression between *C. moreletii* and *C. acutus* in southern Belize is potentially being driven by a combination of anthropogenic factors related to uneven rates of recovery for each species and ongoing destruction of *C. acutus* nesting habitat. Coastal land development and recreational use by tourists occurs predominantly along stretches of raised sandy beach ideal for nesting by *C. acutus*. The accelerated pace of development in coastal Belize over the past two decades may have displaced breeding females to less optimal nesting areas in the south.

Because of asymmetric breeding seasons, such displacement would result in female *C. acutus* in breeding condition encountering male *C. moreletii* prior to the onset of breeding condition in female *C. moreletii* \[[@RSOS150409C77]\]. While introgression of *C. acutus* genomic elements into *C. moreletii* populations appears unrelated to viability, our data suggest that hybridization may act as a sink for *C. acutus* populations if there is differential survival of hybrid offspring \[[@RSOS150409C78]\].

Hybridization is especially problematic when rare species come into contact with other species that are more abundant, and can result in the formation of localized hybrid swarms and eventual genetic swamping of the rarer species \[[@RSOS150409C76],[@RSOS150409C79],[@RSOS150409C80]\]. Given the rarity of *C. acutus* in the region \[[@RSOS150409C81]\], we agree with Cedeño-Vázquez *et al.* \[[@RSOS150409C10]\] that conservation efforts should be focused on this species, but at present management options to prevent further genetic introgression in southern Belize appear limited. Perhaps the best measure is to maintain and attempt to increase *C. acutus* populations on offshore islands and atolls where high salinities preclude the encroachment of *C. moreletii*. Population recruitment of *C. acutus* in Belize is best accomplished through protection of existing nesting beaches and associated nursery habitats that are critical for the survival of hatchlings \[[@RSOS150409C33],[@RSOS150409C66]\] where anthropogenic occupation and alteration of brackish and estuarine waterways may impact important nursery areas for developing young.

Offshore populations of *C. acutus* are expected to remain genetically pure, and expanding populations could act as a source for dispersers destined for the mainland. However, if hybrid progeny exhibit increased salinity tolerance as suggested by Cedeño-Vázquez *et al*. \[[@RSOS150409C10]\], then offshore populations may not function as a genetic refuge for pure *C. acutus* in Belize.

Because of the potential consequences, additional studies to clarify the extent of hybridization and the forces driving hybridization in southern Belize are warranted. New surveys of southern Belize focused on identifying previously marked individuals and hybrid nests are necessary to determine the persistence of hybridization and survival rates of hybrids in the 15 years since surveys and sampling took place. Ultimately, hybridization presents a management problem for New World crocodiles and complicates identification of species based on morphology alone \[[@RSOS150409C5]\]. We concur with Rodriguez *et al*. \[[@RSOS150409C11]\] that future conservation of crocodilians will require genetic identification of pure populations, and ultimately management of those populations, while carefully considering the implications of both natural and anthropogenically reinforced hybridization.
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